We study the transport properties in SrVO3/LaVO3 (SVO/LVO) superlattices deposited on SrTiO3 (STO) substrates. We show that the electronic conduction occurs in the metallic LVO layers with a galvanomagnetism typical of a 2D Fermi surface. In addition, a Kondo-like component appears in both the thermal variation of resistivity and the magnetoresistance. Surprisingly, in this system where the STO interface does not contribute to the measured conduction, the Kondo correction is strongly anisotropic. We show that the growth temperature allows a direct control of this contribution. Finally, the key role of vanadium mixed valency stabilized by oxygen vacancies is enlightened.
We study the transport properties in SrVO3/LaVO3 (SVO/LVO) superlattices deposited on SrTiO3 (STO) substrates. We show that the electronic conduction occurs in the metallic LVO layers with a galvanomagnetism typical of a 2D Fermi surface. In addition, a Kondo-like component appears in both the thermal variation of resistivity and the magnetoresistance. Surprisingly, in this system where the STO interface does not contribute to the measured conduction, the Kondo correction is strongly anisotropic. We show that the growth temperature allows a direct control of this contribution. Finally, the key role of vanadium mixed valency stabilized by oxygen vacancies is enlightened. In the past decade, there has been a strong interest on the electronic and magnetic properties that can emerge at oxides interface. In LaAlO 3 /SrTiO 3 (LAO/STO), under extremely controlled growth conditions, a conducting sheet with large electronic mobility (µ ∼ 10 3 -10 4 cm 2 /V.s) is observed between these insulating materials, with typical characteristics of a 2D electron gas (2DEG) and a superconducting phase is evidenced at very low temperature. Most of the literature agrees with the scenario which involved carriers arising from an electronic reconstruction, a feature needed to avoid the polar discontinuity between the two perovskite blocks [1] [2] [3] [4] . It was also shown that the n-type doping of the STO by oxygen vacancies needs to be carefully considered to interpret the results [5] . Among the various features occurring at an oxide interface, unexpected magnetism was reported whereas the two parent compounds are nonmagnetic. Long-range ferromagnetism has been inferred from macroscopic measurements up to room temperature [6] . Contrarily, only micronic and dilute magnetic puddles were seen at low temperature using a local magnetometry [7] . Peculiar magneto-transport properties were also observed: A Kondo-like scattering at T<50 K, that involves the existence of dilute magnetic scattering centers, and a magnetic hysteresis in the sheet resistance at T<0.3 K, attributed to ordered spins or magnetic domains [8] . A negative magnetoresistance with extreme anisotropy has been also measured. So far, it has been attributed to the emergence of magnetic states in the 2DEG [9] . Besides, experimental evidence suggests that magnetism can be quenched by annealing confirming the important role of oxygen vacancies [10] . The strong electronic mobility in all-oxide structures is considered to be a specific feature of the STO compound, and the interfacial magnetism is attributed to extra electrons in the Ti band with a significant role assigned to ill-defined defects [11] . However, it is not clear if signatures of similar interfacial magnetism can be observed in a system where STO has not a major role, e.g with magnetic ions other than Ti 3d. solid solution exists over the entire composition (0≤x≤1) without disrupting the distorted perovskite structural network. Also, La 1−x Sr x VO 3 was widely studied for its metal-insulator-transition (MIT) which can be tuned by carriers doping [12, 13] . Substitution of La
3+
by Sr
valency which favors a metallic behavior [14] . Another approach for controlling the electronic properties of this system is the preparation of superlattices (SLs), where the cations are artificially ordered in the layers. Synthesis and characterization of (LVO) m /(SVO) n SLs has indeed been previously reported using the pulsed laser deposition (PLD) technique [15, 16] , and high quality interfaces were obtained as seen from the Laue fringe in x-rays diffraction and electron microscopy. The question of valency changes close to the interface is more delicate, but we have recently obtained a quantitative map of the oxidation state of the vanadium in (LaVO 3 ) 6 /(SrVO 3 ) 3 SLs. The interfaces are sharp in terms of composition, but a mixed valency V 3+ /V 4+ is extended over three unit cells showing that charge transfert is consistent with an electronic reconstruction [17] . However, the consequences on the magnetotransport properties have not been yet investigated .
Here, we report a detailed investigation of magnetotransport properties of a series of (LaVO 3 ) 6 /(SrVO 3 ) 6 SLs . Low temperature electronic properties present a strong anisotropic Kondo correction, similarly to the LAO/STO system, which occurs without any 2D electron gas characteristics due to the the preferential con-duction in the SVO layers. Remarkably, the strenght of the Kondo effect can be directly tuned by the growth conditions in a way suggesting that oxygen vacancies (i) have a key role, and (ii) stabilize local valency fluctuations of magnetic ions.
Epitaxial (LaVO 3 ) 6 /(SrVO 3 ) 6 superlattices were prepared by the Pulsed Laser Deposition (PLD) technique on (001)-oriented SrTiO 3 (STO) substrates (cubic with a=3.905 Å). Briefly, a KrF laser (λ=248 nm) with a repetition rate of 3 Hz was focused alternatively onto a LaVO 4 and a Sr 2 V 2 O 7 polycrystalline targets at a fluence of ≃ 2 J/cm 2 . The substrate is kept at a temperature ranging from 550-750
• C under a dynamic vacuum around 10
mbar. The target-substrate distance is fixed at 8.5 cm. The deposition rates are 0.25 Å/pulse and 0.46 Å/pulse, for LaVO 3 (LVO) and for SrVO 3 (SVO), respectively. We grew a series of
SLs with a total thickness of 80 nm. The X-ray diffraction (XRD) measurements were performed with a θ/2θ monochromated diffractometer Seifert XRD 3000P (λ=1.5406 Å) for the 1D XRD patterns and with a 4-circles diffractometer MRD PANalytical (λ=1.5406 Å) for high resolution reciprocal space mappings. Measurements and discussion of the structural properties can be found in the supplemental material (I) [18] . Transport and galvanomagnetic properties were measured as a function of temperature (T ) and magnetic field (B) using a Quantum Design PPMS. The Van der Pauw configuration was used for resistivity and Hall effects measurement and a four probe geometry was preferred for the angular magnetoresistance measurements. Electric contacts were made by wire-bonding using an Au/Al alloy wire. Fig.1a shows the temperature dependance of the resistivity in the range of 2-300 K for all the series of (LVO) 6 /(SVO) 6 SLs. To extract a resistivity ρ value, we assume that the conducting thickness is that of the SVO layers, as detailed and justified hereafter. Room temperature resistivity values are in the 150-225 µΩ.cm range with ratio RRR=ρ(300K)/ρ(2K) ≈ 1.4-1.5. At high temperature (T ≥50 K), all resistivities vary as ρ(T )=ρ 0 +A.T 2 (Fig.1b) , a typical law for Fermi liquids where the residual resistivity ρ 0 is attributed to the (elastic) electron-impurity scattering, and the A coefficient quantifies the electron-electron interactions via the effective mass renormalisation. All SLs present a clear metallic behavior, and the most obvious difference between all them is the significant decrease of ρ 0 when the growth temperature increases. This is in agreement with an increase of the SLs quality when the growth temperature is higher. We also observe that A is not constant within the series, and varies quasi-linearly with ρ 0 (see Fig. S3 in the supplemental material [18] ). This can not be explained by a pure Fermi Liquid behavior [19] and indicates that inelastic scattering against impurity, the so-called Koshino-Taylor effect, needs to be considered to extract the intrinsic value of A [19, 20] . As detailed in the section (II) of the supplemental material [18] ). Resistivity values ρ are also fully consistent with bulk SVO [21] . Finally, from Hall effect measurements, and assuming a single carrier analysis, we extract at room temperature a n-type carrier density
) and a low electronic mobility µ ≈2 cm 2 /V.S, values that are also typical of SVO [22] (see Fig.2 ). Despite the existence of charge transfer [17] , the electronic mobility appears much lower than the values reported in highly conducting STO-based interfaces, confirming that the presence of STO is the key point to have the strongly mobile carriers. We thus conclude the electronic conduction of the SL is dominated by the SVO contribution. Note that ultrathin layers of SVO tends to be insulating by bandwidth controlled dimensional effect [23] or by orbital symmetry changes [24] , but a thickness of 6 layers is still in the metallic limit in agreement with our observation.
Let us now focus on the low-temperature regime where an increase of the resistivity is observed for a decreasing temperature. This variation appears linear with the logarithm of the temperature (Fig.3) , and can be written as -B K .log(T). This typical dependence can be attributed to a 2D charge carriers weak localization or to a singleimpurity Kondo effect. In a series of sample, the evolution of the B K coefficient could distinguish between the two mechanisms. In the simplest form of weak localization, this coefficient is indeed an universal constant, and in the Kondo mechanism, B K is proportional to the concentration of diluted magnetic impurities. In the dilute and elastic limits, ρ 0 is proportional to the concentration of defects and impurities that scatter the carriers. This includes the contribution from both ordinary impurities ρ i , and magnetic impurities ρ K . Thus, the total residual resistivity can be written as ρ 0 =ρ i +ρ K . The evolution of the B K coefficient as a function of residual resistivity ρ 0 shown in the inset of Fig.3 is qualitatively in agreement with a Kondo scenario, as discussed hereafter.
The low-temperature (2-30K) evolution of the resistance for the SL sample grown at 750
• C is presented in Fig.4 . The data are well fitted using a Fermi Liquid law with an additional Kondo resistance in the dilute limit like the following [25] :
with
and
where T K is the Kondo temperature. The fit gives the following values : R 0 ≈ 6.0 Ω, R K0 ≈ 0.04Ω, T K ≈ 19.5 K and s has been fixed at 0.225 which corresponds to the value found in the case of spin 1/2 impurities using numerical renormalization group method [25] .
Both Kondo and weak localization scenarios predict a negative magnetoresistance (MR), but the angular dependence is different. Thus, MR was recorded for different orientations of magnetic field (B) and temperatures above and below the temperature of the resistance minimum (See Fig.5 ). To avoid complexity due to Lorentz force anisotropy in the metallic conduction, the applied current is always applied perpendicular to B. θ is the angle between B and − → t , the stacking axis, and θ=0 when t and B are parallel. For temperature higher than the temperature of resistance minimum, the MR is positive and increases with a decreasing temperature, and is almost zero for θ=90 deg. This positive MR is actually consistent with a metallic Lorentz force effect. As discussed in the supplemental material (III) [18] , the angular variation is characteristic of a quasi-2D Fermi surface and can be explained by the small thickness of the SVO layers. In the Kondo regime, the MR becomes negative (R ≤ R 0 ), but only when B is almost in the sample plane (θ ≈ 90 deg) (Fig.5) . From the full angular variation of resistivity (see Fig.6a ), we show that this negative MR is restricted to an extremely small angular range. More precisely, after fitting the angular dependence with a quasi-2D FS model (Fig.6b) , we see that the additional negative MR emerges when the magnetic field is less than 10 degrees from the SL plane. This MR is specially strong when the angle between the magnetic field and the plane is less than roughly 5 degrees. Note that a negative MR appearing only for the in-plane magnetic fields is opposite to what is expected for a 2D weak localization where the orbital effect exists for B perpendicular to the carriers trajectory [26] . A negative MR could also arise from longrange ordering of the spins, e.g in a ferromagnetic state. However, we find this last possibility very unlikely. This can be inferred from our macroscopic magnetic measurements (see supplemental material ( IV) [18] ), from the DMFT calculations on vanadates heterostructures [27] , and from the lack of hysteresis in the MR. Note also that in our geometry with the field perpendicular to the applied current, no anisotropic MR (AMR) of ferromagnetic metals is expected.
This negative MR is then more likely explained by the dilute Kondo regime that was inferred from the R(T) measurements. However, the large anisotropy is rather unexpected since the Kondo MR is isotropic in conventional cases, such as in many Kondo metals or dilute magnetic conductors [28, 29] . The Kondo MR varies at first order as the square of the (thermally averaged) local magnetization [29, 30] . If this latter is strongly anisotropic and essentially 2D, then the associated MR should be. A similar strongly anisotropic and negative MR was already reported in LAO/STO which presents 2DEG characteristics [9] , and interpreted in terms of magnetic scattering confined to the interface. Small fluctuating moments (µ ∼ 0.002 µ B ) were also observed by nuclear magnetic resonance in the LAO/STO interface [31] , showing the dilute moments consistent with a Kondo scenario. A 2DEG created on a single STO doped by a ionic liquid also displays a strongly anisotropic Kondo-like behavior [32] . These different reports in LAO/STO suggest that the large anisotropic Kondo effect is created in a 2DEG close to STO, and that Ti 3+ ions carry the magnetic moment [11, 33] . Here, in our SVO/LVO SLs deposited on STO, the situation is necessarily different since we have shown that there is no evidence of a high mobility 2DEG and that the carriers scattering occurs in the SVO layers. Consequently, Ti ions can not play a direct role in the anisotropic negative MR. Another explanation is needed to explain the anisotropic Kondo MR observed in vanadate superlattices.
A remarquable quasi-linear dependence of the logarithmic Kondo slope B K as function of the residual resistivity ρ 0 = ρ i + ρ K is observed (inset of Fig.3 ), where ρ K is related to the concentration of dilute magnetic impurities. In conventional cases, B K depends only on this "magnetic" residual resistivity ρ K , but we have to discuss if other effects can take place in a SLs. Indeed, Giordano et al. [34] have demonstrated that the Kondo in small systems effect can be different from its bulk counterpart, and can depend also on the level of non-magnetic disorder, e.g ρ i . Specifically, the Kondo effect is quenched in the limit of large disorder (large residual resistivity) [34] . The anisotropy of the moments distribution can be also reinforced by the effect of multiple scattering of conduction electrons from both local moments and the interface, which results in an effective uniaxial out-ofplane anisotropy [35] . This approach can explain both that B K is sensitive to all the disorder quantified in ρ 0 and that the Kondo MR is anisotropic, but the predicted variations are quantitatively opposite to our results. We observe a largest Kondo effect for the largest disorder, and the negative MR appears only for in-plane magnetic fields, which further confirms that our results can not be explained by the size and disorder corrections to the Kondo effect. Thus, a bulk-like interpretation which deals with magnetic impurities only seems more appropriate. In this framework, the quasi-linear variation of B versus ρ 0 implies that almost all impurities tuned by the growth temperature contribute to ρ K , and create a magnetic scattering center. For its part, the ordinary impurities contribution is almost constant and is ρ i ≈ 95 µΩ.cm as seen in the inset of Fig.3 .
The possible origins of the magnetic impurities can be discussed from our recent spectroscopy analysis. In fact, we have observed that the mean valence state of vanadium varies over 3 unit cells at the interface between LVO and SVO layers [17] . It means that mixed valency V
and V
4+
are present in the same layer. As a consequence, the vanadium in the lower oxydation state can be stabilized by oxygen vacancies in the SrVO 3 layers, with one electron staying localized close to the vacancy, and playing the role of a spin 1/2 Kondo center. As discussed in the supplemental material (I) [18] , the expansion of the out-of-plane lattice parameter for the SL deposited at low temperature is consistent with a larger oxygen vacancies concentration that forms in the layers during the ablation process. This could also explain the largest ρ 0 and the strongest Kondo effect: when the growth temperature increases, oxygen vacancies tend to diffuse in the substrate due to the affinity of STO to absorb them [5, 36] , and finally the number of Kondo centers present in the SVO layers strongly decreases.
To conclude, we have studied the magnetotransport (MR) properties of a series of (LaVO 3 ) 6 /(SrVO 3 ) 6 superlattices. We show that the electronic conduction and galvanomagnetic properties are due to the metallic SrVO 3 layers with a quasi-2D Fermi surface. At low temperature, a clear signature of Kondo scattering is observed with a huge anisotropic negative magnetoresistance (MR) similar to reports at the LaAlO 3 /SrTiO 3 interface. We explain this effect by the valency changes of V •C (T=30 K and 2 K). Note the sharp minimum corresponding to the negative magnetoresistance at low temperature for θ close to 90 deg. b/ A zoom on the 2K variation. The solid line is a fit with corresponding to a quasi 2D Fermi Surface (see supp. mat III [18] ). The negative MR appears within a ± 10 deg range, and is specially marked within a ± 5 deg range.
